A system for the expression and purification of histidine-tagged proteins from plants has been developed using a tobacco etch potyvirus (TEV)-derived gene vectors. The vectors offered a convenient polylinker and a choice of histidine tagging at the recombinant proteins' N or C termini. These vectors were utilized for expression of proteins encoded by beet yellows closterovirus (BYV). Approximately 4 g/g of 20-kDa BYV protein was readily isolated from plants systemically infected by hybrid TEV. In contrast, only minute quantities of 22-kDa BYV capsid protein (CP) histidine-tagged at its N or C terminus could be purified. Rapid degradation of the recombinant CP has been implicated in its failure to accumulate in infected plants. Fusion with TEV HC-Pro stabilized the histidine-tagged BYV CP and facilitated purification of the fusion product from infected plants. This same fusion approach was successfully used with the 24-kDa minor BYV CP. The recombinant proteins were recognized by histidine-tag-specific monoclonal antibody in immunoblot analysis. These results demonstrate the utility of a designed series of TEV vectors for expression, detection, and purification of the recombinant proteins and suggest that intrinsic protein stability is a major factor in a recovery of recombinant proteins from plants.
INTRODUCTION
Several positive-strand RNA viruses of plants have been successfully modified to express different reporter or other foreign proteins (reviewed in Mushegian and Shepherd, 1995; Scholthof et al., 1996) . Generation of viable interviral hybrids has also been recently achieved by replacing natural virus genes with their functional analogs from other viruses (e.g., Donson et al., 1991; De Jong and Ahlquist, 1992; Giesman-Cookmeyer et al., 1995; Scholthof et al., 1995) . These studies demonstrated the utility of plant RNA viruses as tools for efficient systemic expression of a variety of proteins including those derived from unrelated viruses.
Several important features distinguish potyvirus gene vectors. Due to their polyprotein expression strategy (Dougherty and Carrington, 1987; Riechman et al., 1992; Dougherty and Semler, 1993) , the levels of individual viral proteins are not regulated transcriptionally or translationally, thus avoiding the need for a promoter and leader and minimizing the chances of recombinational loss of the insert (cf. Donson et al., 1991; Chapman et al., 1992; Simon and Bujarski, 1994) . Selection for vital maintenance of the contiguous ORF also decreases the probability of stochastic deletion to result in a viable progeny. The ability of tobacco etch potyvirus (TEV) to express a reporter protein as a fusion with TEV helper component proteinase (HC-Pro, Dolja et al., 1992) , or in a free form , has been demonstrated. A robust production of enzymatically active 67-kDa ␤-glucuronidase during 20 consecutive cycles of systemic infection (Dolja et al., 1992) , as well as stable propagation of some beet yellows closterovirus-derived inserts (Dolja et al., 1997) , illustrated TEV tolerance to foreign additions.
Purification of virus-specific proteins is an important step in their functional characterization. Ideally, virus proteins should be isolated from a natural host to ensure proper folding, modification, and biochemical activity. To facilitate protein isolation from virus-infected plants, we employ a TEV expression vector and a strategy of histidine-tagging recombinant proteins. To further improve this vector, a series of TEV cDNA-derivatives has been engineered. These derivatives offered convenient cloning sites and options including histidine-tagging of the recombinant protein near its N or C terminus, and its expression in a free form or as a fusion with TEV HC-Pro (Fig. 1) .
The designed``TEV tool box'' was used to express recombinant proteins encoded by the unrelated beet yellows closterovirus (BYV). BYV possesses a 15.5-kb RNA genome harboring nine open reading frames (Agranovsky et al., 1994; reviewed in Dolja et al., 1994) . The filamentous particles of BYV are assembled from two types of capsid protein (CP) molecules. The major CP forms most of the virion, whereas the minor CP (CPm) forms a short``tail'' at one end of the virion (Agranovsky et al., 1995) . In addition, BYV encodes four replication-as-sociated proteins (Peremyslov et al., 1998) , and several proteins with obscure functions, including a 20-kDa protein (p20) (Agranovsky et al., 1991) . Comparative study of the accumulation and recovery of the recombinant BYV p20, CP, and CPm from plants infected by the hybrid TEV variants indicated that the rate of protein turnover is critical for the success in protein isolation. The multiple uses of the designed expression/purification system for the functional characterization of desired proteins are discussed.
RESULTS AND DISCUSSION

Isolation of histidine-tagged BYV proteins expressed via TEV gene vector
The phenotypes of systemic infections caused by TEV hybrids expressing BYV p20, CP, and CPm were attenuated, while the levels of virus accumulation varied from ca. 30±60% of that of the wild-type TEV (Dolja et al., 1997;  and data not shown). The plants infected by these TEV variants were used to isolate corresponding BYV proteins histidine-tagged at their respective N termini. In the case of p20, ca. 4 g of pure recombinant protein per gram of the leaf tissue was isolated after one cycle of chromatography ( Fig. 2A) . This protein was readily recognized by histidine-tag-specific monoclonal antibodies in immunoblot analysis (Fig. 2B) .
In contrast, only minor amounts of BYV CP and CPm were isolated from the corresponding infected plants (data not shown). Since the BYV inserts were stably retained in the progeny virus (Dolja et al., 1997) and the expression of BYV CP in plants infected by hybrid TEV was demonstrated using immunoblot analysis (Fig. 2C , lane CP N ), the low yield of CP and CPm could be due to a rapid turnover of recombinant BYV proteins. Indeed, an estimation of the steady-state levels of the TEV and BYV CPs in infected leaves indicated that BYV CP accumulated to a level ca. 25-fold less than that of TEV CP ( Table  1 ). Given that all proteins of recombinant TEV were expressed as portions of a polyprotein in equimolar amounts, this result suggested that BYV CP is unstable inside the infected cells. The obvious difference between the status of TEV and BYV CPs in infected cells is that only TEV CP was able to form virions protecting protein subunits from degradation. No BYV CP was detected in virions purified from plants infected by recombinant virus (Fig. 2C , lane TEV). It is known that proteins that are not assembled with their cofactors or other protein subunits tend to be rapidly degraded in plant cells (Callis, 1995) .
Assuming that the presence of a histidine tag at the N terminus of BYV CP could result in misfolding and destabilization of a recombinant protein, the CP-encoding sequence was cloned into pTEV-CH to allow histidine tagging near the protein's C terminus (Fig. 1) . The RNA transcripts derived from the resulting plasmid produced systemic infection with the phenotype similar to that described for pTEV-NH derivatives. The protein recovery from infected plants, however, was not improved in comparison to that obtained for CP histidine-tagged at its N terminus (Fig. 2B , lane CP C and data not shown). Note that the CP C lane in Fig. 2C corresponds to protein eluted from the Ni 2ϩ -NTA agarose, whereas the lane CP N shows the analysis of a total plant protein extract; because of that, no direct comparison of protein amounts should be made.
Since histidine-tagged BYV p20 and TEV HC-Pro (Blanc et al., 1998) were quite stable in infected plants, whereas BYV CP tagged at the N or C terminus was relatively unstable, it seems that the intrinsic protein structure rather than the presence or location of the histidine tag was a determinant of protein stability.
Expression of the BYV proteins fused to TEV HC-Pro
An additional gene vector pTEV-F lacking an NIa-proteinase recognition site ( Fig. 1) was designed in the assumption that the fusion of a foreign protein to the apparently stable TEV HC-Pro could improve protein stability. In potyvirus-infected cells, HC-Pro is known to form amorphous cytoplasmic inclusions (De Mejia et al., 1985) , possibly protecting this protein from degradation. We have previously found that the histidine-tagged TEV HC-Pro readily accumulated in the plants infected by corresponding TEV mutant and can be isolated, yielding 20±50 g of purified protein per 1 g of leaf tissue (Fig. 2B , lane HC H ; Blanc et al., 1998 ; and data not shown). The vector pTEV-F was used to insert BYV sequences coding for CP, CPm, and p20. All three hybrid viruses were competent in systemic infection.
In accordance with our expectations, expression of BYV CP fused to HC-Pro produced chimeric protein (CPF, for CP-Fusion) that accumulated to a level comparable to that of TEV CP (Table 1) , indicating a dramatic increase in stability of BYV CP after its fusion to TEV HC-Pro. The CPF was readily purified on Ni 2ϩ -column, yielding ca. 10 g of protein per 1 g of infected leaf tissue (Fig. 2A) . In immunoblot analyses, this protein was recognized by antibodies to TEV HC-Pro, BYV CP, and to histidine tag (Figs. 2B±2D) . In addition to full-size CPF, antibodies to HC-Pro detected a product the size of HC-Pro, and antibodies to BYV CP detected a product similar in size to BYV CP (Figs. 2C and 2D ). These results suggested that the junction region in chimeric protein was accessible to proteolysis.
The BYV CPm and p20 fused to HC-Pro (CPmF and p20F, respectively) were also successfully isolated from infected plants ( Figs. 2A and 2D ). Likewise, we were able to isolate fusion product possessing the N-terminal domain of BYV leader proteinase (L-Pro) (Fig. 2D, lane LFN; corresponding interviral hybrid L-D1 is described by Dolja et al., 1997) , whereas insertion of full-size L-Pro ORF into pTEV-F yielded noninfectious transcript (data not shown). It appears that the fusion strategy is most useful for the expression of relatively small foreign proteins.
Limited tests of aphid transmissibility of the hybrid TEV variants revealed a level of transmission similar to that of the wild-type TEV (T. P. Pirone, personal communication). This result indicated that the expression of BYV proteins and minor modification of the HC-Pro amino terminus (Fig. 1) had no marked effect on aphid transmission of recombinant TEV.
Conclusions: Multiple applications for histidine tagging of recombinant proteins
We have demonstrated here a utility of TEV as a vector for transient expression and purification of histidinetagged recombinant proteins from plants. An availability of different vector designs (Fig. 1 ) allows one to choose convenient restriction sites for cloning of the insert, offers alternative locations of the histidine tag, and offers expression of the protein in a free form or as a fusion with TEV HC-Pro. The major problem encountered in this study is a rapid turnover of some recombinant proteins that affects protein isolation from infected plants. In particular, we found that each of the two BYV CPs was relatively unstable after expression from TEV vector presumably due to misfolding or lack of virion formation. Since prediction of protein stability in vivo is not yet achievable (Callis, 1995) , the high-yield expression of desired protein remains a matter of trial and error. The   FIG. 1 . Diagram of the TEV genome (top) and nucleotide and amino acid sequences in the wild-type and modified regions of TEV-based vectors (bottom). The XbaI restriction endonuclease sites used for subcloning and P1-proteinase and HC-Pro cleavage sites are shown above the diagram, while NIa-proteinase cleavage sites are shown below the diagram. Arrows above the amino acid sequences designate the natural P1-proteinase cleavage site and the engineered NIa-proteinase cleavage site. The nucleotide sequences specifying restriction endonuclease recognition sites and amino acid sequences encompassing histidine tag and NIa-proteinase cleavage site are underlined. The numbers of polyprotein-coding triplets corresponding to wild-type TEV (Allison et al., 1986) are shown below the nucleotide sequences.
virus-based expression system would be useful for studying the determinants of protein stability at the organismal level, as well as for screening mutations affecting the rate of protein turnover. Recent data on plant virus movement proteins emphasized the importance of protein turnover and its regulation in virus transport inside plants ( Gal-On et al., 1996; Padgett et al., 1996) .
The transient expression of recombinant proteins in plants can be also used to study their subcellular localization (Oparka et al., 1996) and function in virus-related (e.g., De Jong and Ahlquist, 1992; Giesman-Cookmeyer et al., 1995; Scholthof et al., 1995; Dolja et al., 1997) or cellular processes (Rommens et al., 1995) . Histidine tagging of expressed proteins provides a convenient means for their detection in situ and in vitro using available monoclonal antibody. Purified histidine-tagged proteins are useful for antibody generation or for probing protein± protein or protein±nucleic acid interactions in vitro. In addition, interviral hybrids represent a promising system for evolutionary modeling (Koonin and Dolja, 1993) and for biotechnology risk assessment pertinent to plant viruses (Falk and Bruening, 1994) . Indeed, capture of the foreign genetic elements via recombination with viral or cellular RNAs is believed to be one of the major mechanisms in the macroevolution of positive-strand RNA viruses, and the relative biological stability of artificial viral chimeras offers an experimentally amenable window into the processes of virus origin.
MATERIALS AND METHODS
Generation of TEV-based gene vectors
Three variants of the TEV-based gene vectors were engineered using the pTEV-7DA r , a full-length cDNA clone of TEV described previously . The modifications were introduced into the 5Ј-terminal part of the HC-Pro-encoding region (Fig. 1) using an intermediate plasmid pTL7SN.0823CMK (gift of Kristin D. Kasschau and James C. Carrington, then at Texas A&M University) that possessed a unique 2.3-kb XbaI±XbaI fragment of TEV cDNA harboring most of the HC-Pro coding region (Fig. 1) . This plasmid was modified via site-directed mutagenesis (Kunkel et al., 1987) to acquire six histidine codons, a polylinker harboring five restriction endonuclease sites, and seven codons specifying a synthetic NIa-proteinase cleavage site (Fig. 1) . In one of the resulting plasmids (pTL7SN.0823CMK-NH), the histidine tag was located upstream from polylinker, whereas in another (pTL7SN.0823CMK-CH) it was placed downstream from polylinker (Fig. 1) . A third variant (pTL7SN.0823CMK-F) lacked the NIa-proteinase cleavage site that was replaced with a StuI recognition site (Fig. 1) . The XbaI±XbaI fragments from each of the three variants were cloned into appropriately digested pTEV-7DA r , and the orientation of the inserts was determined by restriction endonuclease and sequencing analyses. The three full-length gene vectors were designated pTEV-NH, pTEV-CH, and pTEV-F; the corresponding modified regions are shown in Fig. 1 along with the wild-type TEV coding sequence.
The individual BYV ORFs were amplified using reverse transcription/PCR (RT/PCR) as described (Dolja et al., 1997) . The SacII and KpnI restriction endonuclease sites were included into PCR primers and used for one-step cloning of the DNA fragments encoding BYV CP, CPm, and p20 into pTEV-NH and pTEV-F. Likewise, the CP ORF flanked with NcoI and KpnI sites was inserted into appropriately digested pTEV-CH. The nucleotide se- quences of a number of primers used for plasmid generation are available upon request. The procedures used for in vitro generation of RNA transcripts, inoculations of Nicotiana tabacum cv.``Xanthi nc'' plants, ELISA and immunoblot analyses were as described (Dolja et al., 1997) .
Isolation of the histidine-tagged proteins from the infected plants Symptomatic leaves (usually 3 g) were cut from plants ca. 2 weeks postinoculation and ground in a mortar in 2 volumes of ice-cold buffer A (100 mM Na-phosphate, pH 8.0; 10 mM Tris±HCl, pH 8.0; 200 mM NaCl; 10 mM ␤-mercaptoethanol; 0.2% sodium sulfite; 1 mM PMSF). After 10-min centrifugation at 6000 g, the clarified extract was supplemented with 10 mM imidazole, and its pH was adjusted to 9.0 with NaOH. The resulting extract was subjected to ultracentrifugation for 45 min at 30,000 rpm (Beckman SW40 rotor), and the supernatant was mixed with 0.6 ml Ni 2ϩ -NTA agarose (Qiagen) equilibrated with buffer B (same as buffer A with addition of 10 mM imidazole, pH 9.0), and kept on ice for 1 h with occasional mixing. The slurry was packed into a 1-ml column and washed with 20 ml of buffer B at room temperature. The protein was eluted with buffer B containing 250 mM imidazole and analyzed on a SDS-containing 15% polyacrylamide gels. After separation, gels were stained with Coomassie brilliant blue R-250 (Sigma) or subjected to immunoblot analysis. The polyclonal antisera to TEV CP and HC-Pro were obtained from James C. Carrington, whereas anti-BYV CP antiserum was a gift from Bryce W. Falk. The monoclonal antibodies to histidine tag were purchased from Clontech. All immunoblot analyses were conducted using 1:1000 dilution of antibodies.
